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ABSTRACT
Polymer-derived ceramics (PDCs) are exceptional ultra-high temperature and stable
multifunctional class of materials that can be synthesized from a polymer precursor
through thermal decomposition. The presented research focuses on 1-D nanofibers, 2-D
films and 3-D bulk, carbon-rich silicon carbon nitride (SiCN) ceramics. 1-D nanofibers were
prepared via electrospinning for light weight, flame retardant and conductive applications.
The commercially available CerasetTM VL20, a liquid cyclosilazane pre-ceramic precursor,
was mixed with polyacrylonitrile (PAN) in order to make the cyclosilazane
electrospinnable. Carbon-rich PDC nanoﬁbers were fabricated by electrospinning various
ratios of PAN/cyclosilazane solutions followed by pyrolysis. Surface morphology of the
electro spun nanofibers characterized by SEM show PDC nanoﬁbers with diameters
ranging from 100-300 nm. Also, thermal stability towards oxidation showed a 10% mass
loss at 623oC. 2-D carbon/SiCN films were produced by drop-casting a mixture of
PAN/cyclosilazane onto a glass slide followed by pyrolysis of the film. Samples ranging
from 10:1 to 1:10 PAN:cyclosilazane were made by dissolving the solutes into DMF to
produce solutions ranging from 1% to 12% by weight. Green, heat-stabilized, and
pyrolyzed 8% films were examined with FTIR to monitor the change in chemical structure
at each step of the ceramization. SEM shows that high PAN samples produced films with
ceramic embedded spheroid components in a carbon matrix, while high cyclosilazane
samples produced carbon embedded spheroid.
Finally, this research focuses on the challenge of making fully dense, 3-D bulk PDCs
materials. Here we present a composite of SiCN with reduced graphene oxide (rGO)
iii

aerogels as a route for fully dense bulk PDCs. Incorporation of the rGO aerogel matrix into
the SiCN has its pros and cons. While it lowers the strength of the composite, it allows for
fabrication of large bulk samples and an increase in the electrical conductivity of the PDC.
The morphology, mechanical, electrical properties and thermal conductivity of grapheneSiCN composite with varying rGO aerogel loading (0.3-2.4%) is presented. The high
temperature stability, high electrical conductivity and low thermal conductivity of these
composites make them excellent candidates for thermoelectric applications. Generally,
carbon-rich SiCN composites with improved thermal and electrical properties are of great
importance to the aerospace and electronics industries due to their expected harsh
operating environments.
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CHAPTHER 1. INTRODUCTION TO POLYMER DERIVED CERAMICS
1.1. Overview
More than 50 years ago, the synthesis of a polymer pre-ceramic precursor was
reported by Ainger and co-workers.1 This point in history was followed by the first
reported production of Si3N4/SiC ceramic fibers in 1974.2 This was accomplished by the
conversion of polyorganosilicon to a silicon-based ceramic. Since then a major interest in
polymer-derived ceramics (PDCs) has been awakened in the scientific community. PDCs
are an exceptional type of ceramic material that can be synthesized by the thermal
decomposition of a polymer precursor.
The distinctive characteristics of the PCDs provide them with outstanding high
thermal stability against decomposition, oxidation, phase separation, creep resistance, and
corrosion.3-10 This advanced ceramics material will likely occupy a main part in prospect
materials and technology. Nowadays, industrial search for specialized material with
specific profile and nano-to-micron size features cannot be obtained by traditional
ceramics. However, these required features can be achieved by the use of PDC as a
substitute for traditional powder ceramics. The polymer conversion into ceramic involves
low temperature ceramic precursor synthesis and conversion into inorganic polymer. At
these steps the polymer can easily be transform into difficult shape such as nano-tomicrofibers, films, coatings, porous ceramics, etcetera.11-13 In addition, some key structures
are developed during the ceramization process that can be tailored to provide infinite
possibilities for new phases of the amorphous and polycrystalline ceramic composites.11-12,
14
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The anticipated scientific advances are in areas of new multifunctional materials for
use in extreme environments, such as high temperature, harsh chemicals, wear resistant,
and nano/microelectromechanical systems (NEMS and MEMS).13, 15-19 The outcome of the
diversified properties displayed by the PDCs make them suitable for the exploration of
scientists and engineers alike for a vast number of applications. The ability to produce
nano-micro-bulk features makes them a unique class of material for the interdisciplinary
field of research and for real world application.
A vast number of applications can be achieved by different types of PDCs. For this
reason, and to help distinguish the different type of PDCs, scientists classify them into three
major systems: binary (BN, SiC, Si3N4), ternary (SiCN, SiCO) and quaternary (SiCNO, SiBCN).
Silicon carbon nitride (SiCN) produced from the pyrolysis of cyclosilazane has
demonstrated interesting thermal and chemical stability, piezoresistivity and electrical
properties.20-32 Applications such as heat shields, aircraft exhaust flaps, rocket nozzles, hot
gas filters, and electronic devices have been previously reported.33
1.2. Polymer-Derived Ceramics Precursors
The key factors for PDCs are the design and synthesis of the polymer precursors.
The pre-ceramic polymer structure determines the outcome of the final ceramic product.
There are some important requirements for these polymers to be eligible for PDCs
fabrication. First, the pre-ceramic polymers are required to have high molecular weight to
prevent the evaporation of low molecular weight oligomers. Next, the functional groups of
the polymer precursor need a latent reactivity to achieve good crosslinking in the
stabilization process. In addition, a low content of the functional groups is needed in order
2

to accomplish high ceramic yield. Cage or ring molecular structures are desired to prevent
volatilization of fragments. Moreover, an appropriate viscosity of the polymer is required
for the shaping process.16
PDCs can be synthesized from several different polymer precursors, as illustrated in
Figure 1, which will determine the final ceramic product. For example, polysiloxanes, a Sibased polymer with silicon and oxygen in the backbone of the polymer chain and carbon
functional groups, is used as a precursor for the production of SiCO ceramic material. This
research focuses on the use of polysilazanes as ceramic precursor for the production of
SiCN.
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Figure 1 Main class of Si-based pre-ceramic polymer precursor for polymer derived ceramics
(Reprinted from [34] with permission from John Wiley & Sons, Inc.)

1.2.1. Processing of the Ceramic Polymer Precursors
The polymer nature of the ceramic precursor is the main advantage of this class of
ceramics. As illustrated in Figure 2, low temperature shaping of the PDCs in the polymer
phase allows the ceramics to achieve unconventional shapes that otherwise will be
impractical for traditional powder ceramics to attain.
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Figure 2 Temperature dependence of polymer to ceramic transformation (Reprinted from [34]
with permission from John Wiley & Sons, Inc.

Electrospinning is a simple, but useful method the create polymer micro-to-nano
fibers typically in the range of 50-500nm. A typical electrospinning process uses dissolved
or melted polymer in a syringe, this is then connected to a metal needle. Additionally, a
grounded metal plate is used to collect the electrospun fibers. As shown in Figure 3, the
syringe is connected to a high voltage power supply to generate an electric field.
Electrostatic charge between the tip of the needle and the metal plate collector creates the
necessary force to generate a cone-like meniscus of the polymer. When the force of the
created electric field overcomes the surface tension of the polymer, an electrically charged
polymer jet is ejected and is directed towards the grounded plate collector. After the
polymer is ejected, it goes through an elongation, whipping, and bending of the polymer
followed by a rapid evaporation of the solvent and the final production of the fibers.35

5

Figure 3 Illustration of the electrospinning process

Polymer-to-ceramic conversion produces gases of volatile small hydrocarbon
molecules. The release of these molecules produce volume and linear shrinkage in addition
to the structural porosity that affects the integrity of the final ceramic material, as shown in
Figure 4A. For these reasons, the production of fully dense PDCs is practically impossible to
achieve.
With the objective to overcome these difficulties, the scientific community has
turned to the addition of filler to the polymer matrix, such as those shown in Figure 4B.
Inert ceramic powder fillers such as SiC or Si3N4 do not react with the ceramic, pre-ceramic
polymer, decomposition gases or heating atmosphere.36 Inert fillers dilute the pre-ceramic
polymer, which decreases the quantity of gas generated and prevents volume shrinkage
while at the same time reducing the possibility of macroscopic cracks in the ceramic.
6

Figure 4 A) Polymer to ceramic conversion defects and B) polymer derived ceramic fillers
(Reprinted from [34] with permission from John Wiley & Sons, Inc.

Active fillers such as metallic or intermetallic powders react throughout pyrolysis
either with the decomposition gases, or the heating atmosphere. 37-38 Characteristic
PDC/active filler products include carbides, nitrides or silicide phases. Solid particles and
the reaction with the filler reduce the amount of gas generated and the local gas pressure in
the ceramic, therefore enabling the fabrication of near-net shape, bulk, uncracked ceramic
components.37 An example of active filler applied to preceramic polymers was reported by
Konegger T, et al. where polyvinylsilazane PVS/Al2O3 was produced with a density of 91%
and shrinkage of 2.4%.39
Another filler that has recently been incorporated into the ceramic compound is
graphene, which is considered to be ‘‘the thinnest material in the universe and the
strongest ever measured’’.40 This two-dimensional material possesses high specific surface
7

area (2630 m2/g),41 thermal conductivity,42 flexibility and mechanical strength (130 GPa).43
All these remarkable properties make graphene a promising substitute for other
nanofillers in composites.44 In 2011 Corral E.L, and co-workers incorporated graphene
platelets that were homogeneously dispersed with silicon nitride powder and densified at
1650 oC using spark plasma sintering. The toughness in the ceramic product was found to
have increased 235% to 6.6Mpa/m2 at a concentration of 1.5% graphene platelet per
volume fraction. The graphene platelets were also shown to wrap and anchor themselves
around individual ceramic grains, resulting in cage-like graphene structures that deflect
propagating cracks in not just two but three dimensions.45
Although the previously cited work did not involve polymer derived ceramics but
rather traditional power sintering ceramic production, it does underscore the benefits of
incorporating graphene into the pre-ceramic polymer in order to impart the ceramic with
toughness and propagating crack deflection. However, producing colloidal dispersions of
graphene presents a challenge. This is because graphene has a tendency to agglomerate
due to pi stacking interactions, which create poor interfacial bonding between the polymer
matrices and the graphene.46
1.2.2. Carbon Sources for Polymer Derived Ceramics
Polyacrylonitrile have been widely studied as a precursor for carbon materials such
as films, fibers, porous structures and others.47-52 The large variety of possible structure
and shapes make this polymer a perfect candidate for PDCs integrating fillers.
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CHAPTHER 2. POLYMER DERIVED CERAMIC (PDC) OF
POLYACRYLONITRILE/CYCLOSILAZANE COMPOSITE NANOFIBERS
2.1. Abstract
Electrospinning technology facilitates the fabrication of continuous nanofibers from
polymer solutions or melts in high electric fields. A thin jet of polymer solution is
ejected, extended, and accelerated by the electric forces. The jet undergoes a variety of
instabilities, and dries to produce a random nanofiber mat. Polymer-Derived Ceramic
(PDC)

nanoﬁbers

were

fabricated

through

the

electrospinning

of

polyacrilonitrile/cyclogosilazane solutions with various ratios, followed by pyrolysis.
The effect of polymer ratios and concentration on nanoﬁber structure shows that
nanoﬁber size increases with the increase in wt. % of the polymer concentration. In
addition, the nanofibers produced via this process have sizes ranging from 100-300 nm
in diameter as determined by SEM characterization. These nanofibers presented much
smaller than other PDC nanofibers previously reported in literature. Moreover, here we
study oxidation resistant and light weight ceramic nanofibers. Further characterization
of surface morphology, fiber crystalline, and thermal stability of these fibers were also
performed.

2.2. Introduction
The last couple of decades have seen a progressively growing interest in the
development, synthesis and functionalization of 1-dimensional nanostructure materials
due to their exceptional and often superior properties in comparison with their bulk
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counterpart.1 Nowadays, several manufacturing techniques have been developed to tailor
the morphology and chemical composition of these nanostructures. Complexly-shaped
nanostructures have been achieved via three major techniques such as gas release during
the production process, template modulated methods and electrohydrodynamic methods.2
An extensively used method for the development of micro-to-nanofibers structures has
been the electrohydrodynamic method, which has been widely used in the electrospinning
process. Overall, polymers are great candidates for the production of micro-to-nanofibers
through the electrospinning process. Moreover, the high molecular weight and flexible back
bone throughout the polymer are necessary requirements for the polymer to be spinnable.
The straight-forward path from polymer-to-ceramic character of polymer derived
ceramics (PDCs) makes them appropriate for fabricating various unusually shaped ceramic
components and devices.3-5 Taking into consideration the benefit of PDC processing,
ceramic fibers can be produced by means of electrospinning the preceramic polymer
precursor followed by stabilization and pyrolysis. However, the silicon carbon nitride
(SiCN) preceramic polymer precursor Ceraset™ VL20 is obtained as a low molecular weight
liquid, cyclosilazane, with a specific average molecular weight of around 300 and therefore
is not possible to use it as is with the electrospinning method used in fiber fabrication.6
Therefore, low molecular weight cyclosilazane needs to be combined in a blend with the
well-known spinnable polyacrilonitrile (PAN)7-12 as a carbon matrix. In this chapter, a
simple method to produce light weight and conductive carbon-rich SiCN ceramics
nanofibers is explained. The carbon framework throughout the nanofiber composite

17

functions as a conductive material.

Moreover, the SiCN ceramic portion thermally

stabilizes the composite.

2.3. Experimental Section
The process for the carbon-rich SiCN nanofibers composite is shown in Figure 5. The
process illustrated in this figure is further discussed in detail in the following sections.

Figure 5 Illustration of carbon-rich polymer derived ceramic nanofibers process
2.3.1. Materials
Polyacrylonitrile (PAN) (Mw = 150 kDa) was purchased from Sigma-Aldrich
Chemical Co. Inc. (Milwaukee, WI). Ceraset™ VL 20 (purchased from Kion Corporation,
18

Charlotte, NC) was used as the preceramic polymer to prepare polymer-derived SiCN based
ceramics. N,N-dimethylformamide (DMF) (purchased from Sigma-Aldrich, St. Louis, MO)
was used as-received without any further purification.
2.3.2. Composite Solutions
Composite

solutions

were

typically

prepared

by

dissolving

0.53

g

of

polyacrylonitrile (PAN) in 9.2 g of N, N-dimethylformamide (DMF). Subsequently, 0.27 g of
cyclosilazane was added in the solution for an 8 wt % total polymer in solution. The
solution was then heated at 85 oC for 5 hours under magnetic stirring in ambient
atmosphere. The composite solution produced ranged from 5 to 12% total polymer
concentration of cyclosilazane and PAN in DMF in a 1:1, 2:1, 5:1, 8:1 PAN/cyclosilazane
ratios.
2.3.3. Fabrication of Electrospun Fibers from Composite Solutions
In a typical electrospinning procedure, the polymer solution was loaded into a
disposable 10 mL syringe equipped with a stainless steel needle. The needle was connected
to a high voltage power supply purchased from Glassman High Voltage Inc., High Bridge, NJ.
The solution was then fed at a rate of 0.5 mL/h using a syringe pump supplied by New Era
Pump System Inc., Wantagh, NY. The solution was electrospun at 10.0 kV and the
electrospunned fibers were collected on a metal electrode at a needle collector distance of
24.0 cm.
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2.3.4. Formation of SiCN/Carbon Ceramic Fibers
The composite fibers were placed in a quartz tube and were subject to heat
treatment and pyrolysis in air and argon, respectively, in a two-step ceramization process.
The samples were first heated at 5 °C/min to 250 °C in air and incubated for 2 hours for
crosslinking and to stabilize the nanofiber structure. The stabilized fibers were then
pyrolyzed at 1000°C at 2°C/min and held at the temperature for 2 hours in an inert gas
atmosphere.
2.3.5. Characterization
The microstructures and surface morphology of the ceramic/carbon fibers were
examined by Zeiss Ultra-55 FEG scanning electron microscope (SEM) equipped with Noran
System 7 EDS with silicon drift X-ray detector. The FTIR spectra of the composites were
collected from 4000 to 650 cm-1 by a PerkinElmer Fourier transform infrared (FTIR)
spectrometer (PerkinElmer Inc., Waltham, MA). The thermogravimetric analysis (TGA) was
performed on a Q5000 Thermogravimetric Analyzer (Texas Instruments, Dallas, TX), at a
heating rate of 20 °C/min to 1000 °C in N2. The crystalline structure was characterized by
X-ray diffraction (XRD) analysis (XRD Rigaku, Tokyo, Japan) using a monochromatic Cu-Kα
radiation with a wavelength of λ/2 = 154.06 pm. The graphitization properties of the
ceramic composite were measured by Raman spectroscopy using a Renishaw RM 1000B
micro-Raman spectroscopy (Renishaw Inc., Gloucestershire, UK). This Raman instrument is
equipped with an imaging CCD detector and uses an excitation source of Ar-514nm. The
laser beam can be focused into a spot size <1 μm.
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2.4. Results and Discussion
Due to their outstanding properties, polymer derived ceramics has seen great
scientific effort on how to improve its performance and develop a greater understanding of
the limitations of this material. Cyclosilazane (Ceraset™ VL20) is commercially available
pre-ceramic precursor for SiCN. Nevertheless, Ceraset™ VL20 is a low molecular weight
liquid cyclosilazane with an average molecular weight of around 3006 and cannot be
directly used for electrospinning fibers. In this study, Ceraset™ VL20 pre-ceramic precursor
for SiCN, has been used in a PAN/cyclosilazane blend to produce electrospun nanofibers.
2.4.1. Structural Evolution of Carbon-rich SiCN Nanofibers Composite
The chemical structure of the 8% 2:1 PAN:cyclosilazane film prior to heating and the
250 oC stabilized was examined using a FTIR spectrometer as shown in Figure 6Error!
Reference source not found.. FTIR shows that the spectrum of the 8% 2:1
PAN:cyclosilazane film without stabilization is similar to that of 8% 2:1 PAN:cyclosilazane
film stabilized at 250 oC. However, an intensity change in the absorption of C-N, C=O, C=C,
Si-N, and Si-O was observed. The absorption bands attributed to Si-N stretching vibration
(864 cm-1) decrease, and the absorption band attributed to Si-O stretching vibration (951
cm-1) decrease. In addition, bands attributed C-N and C=O decrease when the composite is
stabilized. Such changes are attributed to the breaking of C-N and C=O bonds in the
reaction. Moreover, the intensity of C=C (1600 cm-1) increases due to the carbon double
bond formation.
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Figure 6 FTIR spectra of as collected and stabilized 8% 2:1 ratio PAN/cyclosilazane
nanofibers
In addition, the chemical structure of the pyrolyzed carbon-rich SiCN nanofibers
composites was investigated using FTIR spectroscopy as shown in Figure 7. The identified
peaks in the spectra are attributed to the SiCN component in the pyrolyzed nanofiber
samples as the pyrolyzed PAN will transform into amorphous carbon and will have no
active functional groups band in FTIR.13 The bands obtained shows vibration bands
equivalent to Si-N 800 cm−1. Additionally, at pyrolyzation temperatures of 1000 oC, some
free carbon can be observed with the C=C band at 1550 cm−1. The Si-O-C peak at 1050 cm-1
is associated with small ring cyclosiloxanes and the broadening of the bands that emerges
of the Si-O-C peak at 1140 cm-1 confirms the elongation and branching of the chain. The Si22

N band at 1745cm-1 confirms the characteristic presence of Si-N bonds in the SiCN ceramic
phase of the material. Figure 7 shows the distinctive band for SiCN increase in intensity
with enlargement of the ceramics ratio in the samples.

Figure 7 FTIR spectra of carbon-rich SiCN nanofibers composites with PAN/cyclosilazane
ratios of 8:1, 5:1, 2:1

In order to investigate the crystalline structure of the carbon-rich SiCN ceramic
nanocomposites, X-ray diffraction (XRD) pattern studies were performed. The XRD
patterns shown in Figure 8 reveal the final structure in the samples. The strong diffraction
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peak at 2θ = 17° is associated to the 200 plane of PAN. The distinctive single broad peak is
associated with the amorphous phase of carbon in the nanofibers provide thus the
formation of SiCN in the amorphous phase which does not show characteristic peaks.

Figure 8 X-ray diffraction pattern of carbon-rich SiCN nanofibers composites with
PAN/cyclosilazane ratios of 8:1, 5:1, 2:1
2.4.2. Morphology Effect of Concentration and Polymer Ratio on Ceramic
Nanofibers Composites
In order to investigate the morphological characterization of the carbon-rich SiCN
ceramic nanofibers, the fibers were deposited onto SiO2/Si wafers in order to characterize
them in the scanning electron microscopy (SEM). Additionally, for the characterization of
the composites the fibers were coated with a Pt-Au thin film deposited by sputtering as a
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means to obtain a 20-40nm thin film. SEM images shown in Figure 9 for the 8 wt %
polymer solution, reveals that the as-collected electrospun nanofibers are comparable in
size to the nanofibers after heat stabilization at 250 oC, showing no change in fiber
morphology. In addition, Figure 9 shows the nanofibers obtained with the same
concentration and polymer ratio after the pyrolysis process. The surface morphology of the
nanofibers after pyrolysis changed to a rough surface, which can be explained by the
release of gases during the pyrolysis process. In addition, the diameter of the nanofiber is
reduced from ~250nm for the as-collected nanofibers to ~100nm for the pyrolyzed
nanofibers. The reduction of the nanofibers diameter is in agreement with the roughening
of the nanofibers by the release of functional groups of the polymers in the gas form.14-15
Moreover, the morphology change of the nanofibers with respect to the total
polymer concentration in solution was investigated. As observed in Figure 10, crosslinked
and stabilized at 250 oC 8:1 PAN:cyclosilazane 5 wt % and 8 wt% and 10 wt % of ceramic
nanofibers were analyzed. Figure 10 shows that the diameters of the fibers increase with a
percentage increase in polymer concentration from 500 nm for the fibers of 5 wt % to 2 µm
for those of 10%. This behavior occurs when the composite solution is more concentrated;
as the solution grows more viscous, more polymers composite is ejected from the syringe
at any given time during the electrospinning process. In addition, it can be observed that
electrospun fibers from concentrations of 5% and 10% have droplets within them. These
phenomena can be explained by the optimization of the spinnable PAN polymer
concentration. At a very high PAN concentration the polymer is held by an electrostatic
force during the electrospinning process. Moreover, at very small PAN concentrations
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within the polymer blend, the polymer is held in the syringe until enough polymer is
available for the electrospinning process, thus the fibers have different sizes and droplets
with smaller diameter sections after the droplets.

Figure 9 Scanning electrons images of ceramization process for the electrospun nanofiber
composites from an 8% 5:1 PAN/cyclosilazane polymer blend
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Figure 10 Scanning electrons images of 5%, 8% and 10% polymer concentrations dependence
in croslinked and stabilized fibers with 8:1PAN/cyclosilazane ratios

The pyrolysis of the stabilized nanofibers was carried out at 1000 oC in an Ar gas
inert atmosphere. As shown in Figure 11, the increment of the cyclosilazane in the polymer
matrix provides an enlargement in the roughness of the fibers after pyrolysis. The
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introduction to these rough structures can be explained by the release of small functional
groups in the gas phases during the pyrolysis14 process and to the rearrangement of the
silicon, carbon, and nitrogen atoms during the pyrolysis process for the formation of SiCN
clusters. Also, changes in roughness of the nanofibers with regards to the polymer ratio
were observed. On the other hand, nanofibers obtained starting with the same total
polymer weight percent remained around the same diameter. This is in agreement with the
previous mentioned observation that the fiber size depends on the amount of polymer
collected in the electrosppining process, which can be varied by the concentration of the
polymer.
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Figure 11 Scanning electrons images of 8% concentration of PAN/cyclosilazane and different
polymer ratios of 8:1, 5:1, 2:1 and 1:1 pyrolyzed at 1000 oC nanofibers
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2.4.3. Thermal Stability of Ceramic Nanofibers Composites
The thermal stability of carbon fiber,14, 16 ceramics fibers15 and carbon stabilized by
inorganic composite fibers17 has recently been reported. However, carbon fibers stabilized
by polymer derived ceramics have yet to be reported. Thermogravimetric analysis (TGA) in
air between 100 oC and 1000 oC for the 8% 8:1, 5:1, and 2:1 PAN:cyclosilazane pyrolyzed
nanofibers are shown in Figure 12. At 90% of the nanofiber original mass, the 2:1
carbon:SiCN (623.44

oC)

nanofibers exhibit higher thermal stability than the 5:1

carbon:SiCN (619.56 oC), although only by 3.88 oC. In contrast, the 5:1 carbon:SiCN
nanofibers exhibits much higher thermal stability than the 8:1 carbon:SiCN (514.85 oC)
nanofibers by about 104.71 oC. These results propose a slower oxidative degradation
achieved with increasing concentration of SiCN in the nanofiber composites. As shown in
Figure 12, the residual weight percentage of the 2:1 SiCN:carbon nanofibers at 1073.74 oC
is 36.52% which is barely more than the initial polymer precursor (33.3%). However, the
residual weight percentage for the 5:1 SiCN:carbon nanofibers at 1155.05 oC is 24.27%
which is 7.60% more than the initial percentage ceramic precursor.
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Figure 12 Thermo-gravimetric analysis of 8% fibers with PAN/cyclosilazane ratios of 8:1, 5:1
and 2:1 in air
The thermogravimetric analysis (TGA) in argon between 100 oC and 1000 oC for the
8% 8:1, 2:1, and 1:1 PAN:cyclosilazane pyrolyzed nanofibers are illustrated in Figure 13.
The TGA thermogram for the pyrolyzed nanofibers composites indicate that the percent
mass loss was only around 4, 6, and 7 wt% for the 8% 1:1, 2:1, and 8:1 PAN:cyclosilazane
respectively.
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Figure 13 Thermo-gravimetric analysis of 8% fibers with PAN/cyclosilazane ratios of 8:1, 2:1
and 1:1 in Argon
2.4.4. Composition of Ceramic Nanofibers Composites
The nanostructures of the 8% pyrolyzed fibers were characterized using Raman
spectroscopy, presented in Figure 14. The D and G band of the graphite phase is observed
in the 8% 8:1, 5:1, and 2:1 carbon:SiCN nanofibers composites, proposing graphitic carbon
clusters in the samples. The D and G bands for the specimens are all centered at 1378 and
1590 cm-1 respectively. The D and G bands are considerably blue-shifted by 23 and 10 cm-1
for D and G bands respectively, as evaluated against the free standing graphite particles,
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with D and G band peak points at 1355 and 1580 cm-1, respectively.18-19 The shift is
attributed to the considerable blue shift of Raman bands due to the strong compressive
stress on the graphene sites. The cyclosilazane became SiCN upon pyrolysis, which resulted
in a strong compressive stress within the carbon clusters. As part of the nanostructure
characterization the Raman spectra can also be utilized to estimate the diameter, La, of the
carbon clusters using the following equation:
(1)

here the I(D), I(G), and C(λ) are the intensities of the D and G peaks, and C is a constant that
depends on the excitation of the source wavelength, respectively.20 The excitation source of
the Raman spectroscope utilized in these measurements was 515 nm, and C in this case is
~4.4 nm.20 Determined from the spectra shown in Figure 14, the average diameters of the
carbon clusters in the pyrolyzed nanofibers obtained from 8% 8:1, 5:1, and 2:1 were
calculated to be 5.6, 5.0, and 4.8 nm, respectively. This shows that the diameters of the
carbon clusters within SiCN/carbon nanofibers change with the increment of the
cyclosilazane concentration. The formations of SiCN clusters limit the formation of the
carbon clusters.
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Figure 14 Raman spectra of pyrolyzed 8% nanofibers with PAN/cyclosilazane ratios of 8:1,
5:1 and 2:1

The surface of the pyrolyzed nanofibers composites were analyzed by X-ray
photoelectron spectroscopy (XPS). The spectra shown in Figure 15 shows that the surface
composition of the 8% 8:1, 5:1, and 2:1 carbon:SiCN nanofibers composites contained
oxygen, carbon and silicon.
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Figure 15 X-ray photoelectron spectra of 1000 oC pyrolyzed carbon/SiCN nanofibers composites
with PAN/cyclosilazane ratios of 8:1, 5:1 and 2:1

2.5. Conclusions
In summary, an exceptional and simple method to produce light weight and conductive
carbon-rich SiCN ceramics nanofibers has been proposed. By optimizing the total polymer
concentration and the polymer ratios in the pre-ceramic polymer blend, it is possible to
successfully fabricate PDCs fibers. Electrospinnig of PAN/cyclosilazane followed by
stabilization and pyrolysis produced carbon:SiCN nanofiber composites. The carbon
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framework throughout the nanofibers composites functions as a conductive material.
Moreover, the SiCN ceramic portion thermally stabilized the composite. These conductive
carbon:SiCN nanofiber composites are thermally and chemically stable, and thus, these
multifunctional materials can be used as conductive and/or fire retardant materials in
harsh environments. The light weight and flexible nature of this material make it a perfect
candidate for conductive clothing, fire retardant clothing for fire-fighters, protective gear
for soldiers, and many others applications.
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CHAPTHER 3. POLYMER DERIVED CERAMIC (PDC) OF
POLYACRYLONITRILE/CYCLOOSILAZANE COMPOSITE FILMS
3.1. Abstract
Carbon/ceramic films were produced via the pyrolysis of films drop-casted from a mixture
of polyacrylonitrile (PAN) and cyclosilazane. Samples with ratios of 10:1, 5:1, 2:1, 1:1, 1:2,
1:5, 1:8 and 1:10 PAN:cyclosilazane were made by dissolving the solutes into DMF to
produce solutions of 1%, 4%, 8%, and 12%. Green, heat-stabilized, and pyrolyzed 8% films
were examined using FTIR to determine the change in chemical structure at each step of
the ceramization. Raman spectroscopy was performed on pyrolyzed 8% films and the size
of nanodomains calculated; they were found not to vary in size with varying ratios of
PAN:cyclosilazane. SEM was performed on all pyrolyzed films. High PAN film samples
contained spheroid ceramic components in a carbon matrix, while high cyclosilazane
samples contained carbon spheres.

3.2. Introduction
Interests in multifunctional materials have awakened great interest during the last
few decades. Carbon/ceramic composites can offer the necessary characteristics for
multifunctional materials. In this chapter, a promising material composite of carbon matrix
with ceramic embedded regions and a ceramic matrix with carbon embedded regions are
presented. The ceramic precursor used in this experiment cyclosilazane Figure 16, is a
polymer with a silicon-nitrogen backbone and an organic side-groups attached to the
silicon. This pre-ceramic is transformed into ceramic silicon carbon nitride (SiCN) via the
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heating process. The materials studied also contained polyacrylonitrile Figure 16, a carbonbased polymer. Polyarcrylonitrile (PAN) does not form a ceramic when pyrolyzed; rather, it
forms amorphous carbon or graphitic carbon when heated at temperatures higher than
1000 oC. The purpose of this study is to examine the interactions between the carbon and
ceramic phases in this composite material, with the goal of producing noble multifunctional
materials.

Figure 16 Chemicals used for creating precursor solutions from left to right: cyclosilazane (R:
H or CH=CH2; n: 1 to~20), polyacrylonitrile (PAN), N,N-dimethylformamide (DMF)
The two phased form of this material is of great interest in this study due to its
potential uses. The ceramic-in-carbon is an interesting material that could be useful for the
generation of porous carbon through selective dissolution of the SiCN domains. Similar
processes have already been developed using high-temperature chlorine gas to dissolve
Si3N4 and SiC domains in PDCs.1 This could be applied to these samples by treating them at
high temperature under nitrogen to convert the amorphous SiCN domains into Si3N4 and
SiC, then treating them with chlorine to convert Si3N4 into SiCl4 and N2 and SiC into SiCl4
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and carbon. The resulting structure would be fully carbon, highly porous and conductive
and useful as an adsorbent, a catalyst support with wide micron-width pores, or as a highsurface area capacitor electrode.
Furthermore, the carbon-in-ceramic arrangement has exciting properties and could
be a functional material due its conductive carbon component in an otherwise insulating
ceramic phase with the possible result of a greatly increased dielectric constant, thereby
making this material suitable for capacitors. It is especially advantageous that this material
starts as a liquid since it could conceivably be casted directly onto a porous electrode and
pyrolyzed in place for maximal interface.
Films of so-called “green” (or freshly dried) polymer must be heat-stabilized before
pyrolysis. This involves heating the films at a moderate temperature (250oC in this
experiment) in an oxidative environment such as air. This causes substantial changes to the
chemical structure of the PAN. The nitrile side-groups first cyclized Figure 172 and
dehydrogenation then occurs to generate aromaticity. Oxygen is important to this process
because the newly formed ketone groups on the polymer helps to encourage the cyclization
process.2 The nitrile groups of separate molecules are close to one another as a result of
hydrogen bonding. This interaction could also contribute to the cross-linking of the
polymer chains.
This modification of the PAN is important for several reasons. First, it aligns the PAN
in such a way that it can more easily form graphite-like carbon structures during pyrolysis
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Figure 17. Second, the cross linking makes the polymer films thermostable. This prevents
them from melting or otherwise deforming during the high temperatures of pyrolysis.

Figure 17 Stabilization of polyacrylonitrile and conversion to graphite-like structure2

The polymers are finally converted into ceramic when they are pyrolyzed. This
involves heating the polymer component to over 800oC in the absence of oxygen. This is
usually accomplished in a tube furnace connected to a source of inert gas. The effect of the
pyrolysis is different for the ceramic (cyclosilazane-derived) and carbon (PAN-derived)
portions of the component. In the ceramic, the cyclosilazane is converted into an
amorphous mass of randomly bonded silicon, nitrogen, and carbon1, 3. Crystallization of
Si3N4 may occur when pyrolysis temperature exceeds 1400oC, especially when gaseous
nitrogen is present1 and when the ceramic is synthesized from a low-carbon precursor4.
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When temperatures exceed 1450oC, the carbothermal reaction Si3N4 (s) + 3C(s) = 3SiC

(s)

+

N2(g) occurs, causing the crystallization of SiC. This has been used to control the phase
separation of SiC to Si3N4 for the purpose of modulating nanodomains.1 Since the pyrolysis
temperature in this experiment did not exceed 1000oC, the majority of the ceramic
generated was most likely amorphous phase rather than crystalline phase.
The pyrolysis of PAN is different from that of cyclosilazane. The cyclization of PAN
during heat stabilization results in chains of aromatic rings that can fuse into graphitic
structures when the temperature exceeds 800oC Figure 17.2 This is accompanied by the
release of nitrogen and hydrogen as ammonia and hydrogen cyanide. Moreover, the
stabilized polymer is not a perfect network of compatible aromatic portions, though the
carbon retains some degree of disorder and becomes amorphous with ordered, graphitelike domains.
The resulting material can have a number of unique properties. Firstly, since these
components are partially made from carbon, they are often electrically conductive. Ceramic
portions of the film may also be made conductive by ion implantation doping5 or allowed to
be an electrical insulator. The ceramic is also known to interact with ultraviolet light,6
making it potentially useful for ultraviolet detectors. Phase-separated carbon from the PAN
might be useful in this circumstance, acting as an electrode for the ceramic phase.

3.3. Experimental Section
The process for carbon/SiCN and SiCN/carbon films composite is shown in Figure
18. The process illustrated in this figure is discussed in detail in the following sections.
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Figure 18 Illustration of the carbon/polymer derived ceramic films process

Polyacrylonitrile (PAN) (Mw = 150 kDa) was purchased from Sigma-Aldrich
Chemical Co. Inc. (Milwaukee, WI). Ceraset™ VL 20 (purchased from Kion Corporation,
Charlotte, NC) was used as the preceramic polymer to prepare polymer-derived SiCN based
ceramics. N,N-dimethylformamide (DMF) (purchased from Sigma-Aldrich, St. Louis, MO)
was used as-received without any further purification.
3.3.1. Films Composite Solutions
Composite solutions were prepared by dissolving 5 grams of PAN/cyclosilazane in
DMF at percentages by weight of 1%, 4%, 8%, and 12% and ratios of 10:1, 5:1, 2:1, 1:1, 1:2,
1:5, and 1:10 for PAN:cyclosilazane for each percentage weight. Each individual solution
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was prepared by adding the required amount of PAN, followed by DMF. Each solution was
then vortexed at 3000rpm for 60 seconds to disperse the polymer. The solutions were
heated with a handheld heat gun to completely dissolve the PAN. Cyclosilazane was then
added and the solution vortexed for another 60 seconds. This was immediately followed by
heating of the solutions at 85oC under constant stirring for five hours.
3.3.2. Fabrication of Films Composite
Films were made by drop-casting the polymer solutions onto glass slides and
vacuum drying for several hours until film was obtained.
3.3.3. Formation of SiCN/Carbon Ceramic Films
The composite films were placed in a quartz tube and subjected to heat treatment
and pyrolysis in air and argon respectively in a two-step pyrolysis process. The green films
were stabilized in a quartz tube furnace. The furnace was programmed to increase
temperature at 5 oC/minute until it reached 250 oC, where it was held for two hours to
crosslink and stabilize the film structure. The tube was open on both ends to allow the free
flow of air into the heated area. Subsequent to the stabilization process, the same quartz
tube furnace was used for the pyrolysis step. Argon was run through the tube at 200 sccm
for four hours prior to starting the pyrolysis process and then reduced to 100 sccm for the
duration of the pyrolysis process. The samples were heated at 1000 oC with an increasing
ramp rate of 2 oC/min, then held at that temperature for two hours.
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3.3.4. Characterization
The microstructures and surface morphology of the ceramic/carbon films were
examined by a Zeiss Ultra-55 FEG scanning electron microscope (SEM) equipped with
Noran System 7 EDS with silicon drift X-ray detector. The FTIR spectra of the composites
were collected from 4000 to 650 cm-1 by a PerkinElmer Fourier transform infrared (FTIR)
spectrometer (PerkinElmer Inc., Waltham, MA). The graphitization properties of the
ceramic composite were measured by Raman spectroscopy using a Renishaw RM 1000B
micro-Raman spectroscopy (Renishaw Inc., Gloucestershire, UK). This Raman instrument is
equipped with an imaging CCD detector and uses an excitation source of Ar-514nm. The
laser beam can be focused into a spot sized <1 μm.

3.4. Result and Discussion
The exceptional abilities of polymer derived ceramics are of essential scientific
importance due to its application as a multifunctional material. Cyclosilazane (Ceraset™
VL20) is a commercially available pre-ceramic precursor for SiCN. Additionally,
polyacrylonitrile (PAN) is an easily obtainable polymer. These ceramic and carbon polymer
precursors can be blended to make and satisfy the need for modern materials.
FTIR of the unprocessed films are shown in Figure 19. A number of bands
characteristic of the starting materials are observed. The bands for Si-C at 762cm-1, Si-NH
at 1180cm-1, Si-CH3 at 1263cm-1, and N-H at 3384cm-1 are characteristic of cyclosilazane
and were observed in all samples. These featured bands amplified with increase of the
cyclosilazane ratio in the samples. In addition, a C-H stretch band at 2930cm-1 was also
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observed and is attributed to either the hydrocarbon portions of cyclosilazane or PAN.
Additionally, a characteristic N-H stretch band appears as the cyclosilazane content is
increased in the polymer ratios.

Figure 19 FTIR spectra of 8% unprocessed films with PAN/cyclosilazane ratios of 8:1, 5:1, 2:1

High PAN samples (10:1, 5:1, 2:1, 1:1) also showed nitrile peaks at 2243cm-1. These
were not present in the high cyclosilazane samples (1:2, 1:5, 1:10) which showed small,
broader peaks near the same wavenumber (2148cm-1) which is more characteristic of the
Si-H found in cyclosilazane. Two unexpected peaks were observed however. The first was a
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doublet seen at 937cm-1 and 1020cm-1. These are indicative of Si-O-C and can be attributed
to some degree of hydrolysis in the cyclosilazane due to moisture in the starting material.
The final ceramic, therefore, likely contains some amount of oxygen. Moreover, a signal for
a carbonyl group was also seen at 1671cm-1. Neither PAN nor cyclosilazane contain
carbonyl groups, so this more than likely indicates that a small amount of solvent (DMF)
was retained in the films. As these are as-collected films, this was removed from the
samples during the crosslinking step as shown by the disappearance of the band in the
stabilized samples in Figure 20.
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Figure 20 FTIR spectra of 8% crosslinked films with PAN/cyclosilazane ratios of 10:1, 5:1, 2:1,
1:1, 1:2, 1:5, and 1:10

The number of bands decreased in the stabilized films as illustrated in Figure 20.
The Si-C, Si-CH3, C-H and Si-H bands were all observed. A Si-O-C band was also observed,
although its relative intensity was lower and only one side of the doublet could be
observed. These are all related to the cyclosilazane portion of the mixture, which is not
expected to be affected greatly by the heat treatment. The nitrile band was not detected;
this was expected due to the chemical changes undertaken by PAN during stabilization as
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previously discussed and shown in Figure 17. The sp2 carbon was detected as a band at
1587cm-1.
The FTIR spectra for the pyrolyzed films are shown in Figure 21. Three bands were
observed in the pyrolyzed samples. The band of Si-O-C located at 1013cm-1, which confirms
that there is oxygen present in the final ceramic. The other bands were a Si-N at 1740cm-1
and a Si-CH3 band at 1317cm-1. The presence of the Si-N band is characteristic of Si-N
bonds in the ceramic phase of the material. The Si-CH3 signal was unexpected though, as
most of the hydrogen should have been removed from the sample during pyrolysis. Since
the band shown is extremely small, there is a possibility that it is an artifact or can be
attributed to some other feature of the films.
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Figure 21 FTIR spectra of 8% 1000 oC pyrolyzed films with PAN/cyclosilazane ratios of 10:1,
5:1, 2:1, 1:1, 1:2, 1:5,and 1:10

The graphitization of the pyrolyzed film composite is shown by the Raman spectra,
which were organized into two graphs. Figure 22 contains the Raman spectra for the
higher PAN ratio samples (10:1, 5:1, 2:1, and 1:1), while Figure 23 contains the Raman
spectra for the higher cyclosialzane ratio samples (1:1, 1:2, 1:5, and 1:10). Only the higher
PAN samples showed distinct D and G bands at 1390 cm-1 and at 1600 cm-1, respectively.
This indicates that the carbon responsible for the bands is most likely in the PAN-derived
portion rather than in the ceramic. The bands characteristic of the G and D bands are
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located in their distinctive positions without a significant blue or red shift7. The pyrolyzed
samples with high cyclosilazane (SiCN) ratio did not show the distinct G and D bands. This
is characteristic of the absent evolution of graphene like features in the samples.

Figure 22 Raman spectra of 8% 1000 oC pyrolyzed films with PAN/cyclosilazane ratios of
10:1, 5:1, 2:1, and 1:1
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Figure 23 Raman spectra of 8% 1000 oC pyrolyzed films with PAN/cyclosilazane ratios of 1:1,
1:2, 1:5, and 1:10

Equation 1 was used to calculate the nanodomain size of the 10:1, 5:1, 2:1, and 1:1
carbon:SiCN samples. These domain sizes are listed in Table 1. The ratio of PAN to
cyclosilazane does not appear to affect the average carbon nanodomain size in the
measured samples. As active Raman bands are observed in the high carbon ratio samples,
the nanodomain size should be attributed to the formation of slight graphitization of the
amorphous carbon.
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Table 1 Calculated carbon nanodomain size from high carbon content films
Ratio
10:1
5:1
2:1
1:1

Nanodomain Size (nm)
6.15
7.75
6.12
6.06

3.4.1. Effect of Concentration
In the following observations made for the SEM of pyrolyzed samples, PAN is
converted into carbon and cyclosilazane is converted into SiCN as discussed previously and
the polymer ratio refers to the carbon/SiCN in the blend. Both total polymer percentage
and carbon/SiCN ratios had effects on the microstructure of the pyrolyzed films. Firstly,
changing the percentage of the starting solution definitively changed the thickness of the
final films. For example, the 1% film Figure 24 was under ten microns thick, while the 12%
film was over fifty microns thick. This is due to two factors: during drop-casting, the higher
percentage films cause more solute deposition per unit volume of the original solution;
also, due to the higher viscosity, it is possible to place larger volumes of solution onto the
collecting slides used for drop-casting before the mass of the solution overcomes its surface
tension and overflows.
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Figure 24 Scanning electron microscopy image of 1000 oC pyrolyzed PAN/cyclosilazane films.
Concentration of the total polymer in solution changes from 1%, 4%, 8%, and 12% for the
PAN/cyclosilazane ratio of 2:1
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3.4.2. Effect of Ratios
Certain trends were also visible concerning the ratio of PAN to cyclosilazane. At
higher levels of PAN, the films phase-separated into ceramic spheroids in a carbon matrix.
The width of these spheroids varied, ranging from sub-micron as in the 8% 5:1 carbon:SiCN
shown in Figure 25, to several microns wide in the 8% 1:1 carbon:SiCN. The size of the
spheroids increased proportionally to the concentration of cyclosilazane, as did the number
of spheroids. When the spheroids became very close together and fused, their shapes began
to distort and is apparent in the 8% 1:2 carbon:SiCN Figure 26.
Gradients were also seen in the size and shape of the ceramic spheroids in a number
of the films, such as the 8% 1:8 carbon:SiCN shown in Figure 26. At the edge of the film, a
large plate of ceramic surrounded by large, distorted spheroids can be seen. This is
believed to result from gravitational effects on the solution during drop-casting: since
cyclosilazane is denser than DMF, it deposits on the bottom and partially separates. This
forms a gradient that is preserved in the final ceramic.
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Figure 25 Scanning electron microscopy image of 1000 oC pyrolyzed PAN/cyclosilazane films.
The concentration of the total polymer in solution is 8% and PAN/cyclosilazane ratios of 10:1,
5:1, 2:1, and 1:1
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Figure 26 Scanning electron microscopy image of 1000 oC pyrolyzed PAN/cyclosilazane films.
The concentration of the total polymer in solution is 8% and PAN/cyclosilazane ratios of 1:2,
1: 5, 1:8, and 1:10
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Figure 27 Experimental data of electrical conductivity vs ratio of PAN/cyclosilazane. 1000 oC
pyrolyzed films with PAN/cyclosilazane ratios of 1:1, 2:1, 5:1, and 10:1

The electrical conductivity of the 8% by weight polymer composite with varying
ratios was measured for films that exhibited a high carbon content, and is shown in Figure
27. The collected data demonstrates that the conductivity of the film composites decreases
with an increase of SiCN. This can be attributed to the increase of insulating material
throughout the film composite. Similar PAN-based carbon was reported to be 50.0x103
S/m,8 while films obtained using these processes are 1.0x103 to 2.2x103; this can be
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explained by the addition of insulating SiCN portions interfering with electron movement
throughout the composite material.

3.5. Conclusions
Pyrolysis of drop-casted films derived from PAN and cyclosilazane was shown to
exhibit phase separation. High PAN ratios produced ceramic cyclosilazane-derived spheres
in a PAN-derived carbon matrix ranging in size from several hundred nanometers to
several microns. Similarly high cyclosilazane ratios produced ceramic films with dispersed
carbon domains. Raman spectroscopy showed that the size of carbon nanodomains in this
material does not vary with respect to PAN:cyclosilazane ratios, and that the nanodomains
detected came from the carbon in the PAN-derived phase. The analysis of FTIR showed that
oxidation of the silicon in cyclosolizane occurs either before or during the initial casting of
the films.
The phase separation of carbon/SiCN films was shown to be controllable by
adjusting the ratio and percent solute of the polymer precursors. Ceramic-in-carbon
separation, which is useful for generating porous carbon, can be achieved with high PAN
mixtures, while carbon-in-ceramic mixtures, which show potential for dielectric materials
or for high-strength applications, can be produced from high cyclosilazane mixtures.
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CHAPTHER 4. BULK GRAPHENE DOPED POLYMER DERIVED CERAMICS
4.1. Abstract
Polymer-derived ceramics (PDCs) can be used to produce uncommonly shaped ceramics
and devices as a result of its versatile liquid polymer precursor. PDCs commonly display
superior thermomechanical properties, high chemical durability, and low sintering
temperatures. However, it has been challenging to the scientific community to make fully
dense, bulk PDCs materials. Here we study polymer-derived silicon carbon nitride (SiCN)
composites embedded into framework of reduced graphene oxide (rGO) aerogel, which
provides a route for fully dense bulk PDCs. Although incorporation of an rGO framework
into the SiCN lowers the strength of the composite, it is possible by these means to generate
larger samples along with the additional benefit of increasing the electrical conductivity of
the PDC. The morphology, mechanical properties, electrical and thermal conductivity of
SiCN/rGO composites with varying rGO aerogel loadings (0.3-2.4%) is presented. SiCN/rGO
composites are synthesized through a simple and scalable liquid infiltration process of
preceramic cyclosilazane into an rGO aerogel followed by pyrolysis and whose shape and
size are determined by the casts or dies used for the rGO aerogel and composite
preparation. Interestingly, because they are stable at high temperature and its electrical
conductivity increases much more than the thermal conductivity, they are candidates for
thermoelectric materials. Generally, such composites are of vast importance in the
aerospace and electronics industries where there is a need for novel materials with
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improved anisotropic thermal and electrical conductivities that can perform in harsh
environments.

4.2. Introduction
The potential of the pre-ceramic polymer for polymer derived ceramics (PDCs), such
as SiCN ceramics, can be attributed to the strong covalent bonds between silicon and
carbon in the pre-ceramic polymer, consequently leading to the reduction of carbon
volatilization as small hydrocarbon molecules during pyrolysis in inert atmospheres.
Furthermore, an essential characteristic for PDCs is that the pre-ceramic polymers can be
processed or shaped using conventional polymer processing techniques such as injection
molding, solvent coating, extrusion, etc. Moreover, a further major benefit of pre-ceramic
polymers is that they can be machined once they are crosslinked and before ceramization.
This prevents wear and tear on tools and avoids the brittle nature of the final ceramic
component. The relatively low pyrolysis temperature of 1000oC – 1300oC for the
production of PDCs compared to traditional ceramic powder processing, which requires
1700oC – 4200oC is another attractive aspect of PDCs, since lower temperatures equates to
economic savings.1
In addition, PDCs display improved thermal and mechanical properties with respect
to creep and oxidation, crystallization, or phase separation up to 1500 oC and higher. These
attractive thermal and mechanical properties are accredited to the amorphous state in the
ceramic and the presence of nanodomains in the microstructure that persists even at very
high temperatures.2 The presence of carbon in silica and silicon nitride has a great variety
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of structural and property related consequences: first, carbon hinders the crystallization of
SiO2 and Si3N4 up to 1500oC. The amorphous systems show glass transition temperatures
Tg that are unusually high compared with pure silica, namely 1350 oC for SiCN, >1800 oC for
SiBCN, and 1300 oC for SiCO.3
Nevertheless, shrinkage control, porosity and cracks in the ceramic due to the gases
released during the ceramic conversion process are downsides for this material. The gases
such as carbon substituent in the polymer can lead to release of hydrogen, methane or
other. Cracks and porosity in particular are complexities that affect the mechanical
properties of the ceramic such as reduced toughness and enlarged brittleness.
Moreover, in order to overcome shrinking and porosity in bulk PDCs, scientists have
explored the use of fillers for obtaining crack-free, almost fully dense bulk ceramics in a
single ceramic formation step. These fillers are classified as either “active” or “inert,
passive” fillers. Inert ceramic powder fillers such as SiC or Si3N4 do not react with the
ceramic, pre-ceramic polymer, decomposition gases or heating atmosphere.4 Inert fillers
merely dilute the pre-ceramic polymer, therefore decreasing the quantity of gas generated
and prevent volume shrinkage while at the same time reduce the possibility of macroscopic
cracks in the ceramic. In this chapter, an extraordinary method for synthesizing fully dense
SiCN employing rGO aerogel as a carbon framework for the 3 dimensional materials is
studied.
An astonishing material all by itself, reduced graphene oxide (rGO)5 aerogels6 work
as a framework for the backfilling of cyclosilazane. This arrangement allows for the
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fabrication of fully dense SiCN bulk composite materials with the advantages and
properties a graphene network throughout the 3D composite. The high electrical
conductivity of the rGO aerogel7 provides the composite material with electrical properties.
Nevertheless, addition of the rGO to the SiCN lowers the strength of the bulk composite.

4.3. Experimental Section
The process for the carbon/SiCN and SiCN/carbon films composite is shown in
Figure 28. The process illustrated in this figure is discussed in detail in the following
sections.

Figure 28 Illustration of graphene-SiCN bulk polymer derived ceramic composite process
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4.3.1. Materials
Ceraset™ VL 20 (purchased from Kion Corporation, Charlotte, NC) was used as the
preceramic polymer to prepare polymer-derived SiCN based ceramics.
4.3.2. Reduced graphene oxide
Graphene oxide (GO) was prepared by modified Hummer’s method. Graphite was
oxidized by concentrated sulfuric acid and potassium permanganate was slowly added. Deionized water was slowly added and 30% hydrogen peroxide. Graphene oxide was purified
by washing with de-ionized water and subsequent centrifugation through several washes
and centrifuge cycles until pH above 5 was obtained. Highly oxidized GO sheets have
shown superior stability when suspended in water than less oxidized GO. The superior
stable suspensions are favor to applications such as GO aerogel synthesis. Isolation of the
desired highly oxidized GO with larger sheet sizes can then be separated by means of finetuned centrifuge rotations per minute. The 3-D bulk materials procedure is illustrated in
Figure 28. The GO aerogel was prepared by adding GO to de-ionized water and sonicated
for 1-2 h with a horn sonicator to form a dispersion. The GO dispersion was freeze dried in
a lyophilizer to obtained a GO aerogel. Subsequently, the GO aerogel was reduced by
hydrazine treatment at a temperature of 90 oC for 1h. The partially reduced aerogel is then
further reduced by pyrolysis in Argon atmosphere at 1000 oC for 2 h to obtain reduced
graphene oxide (rGO).
The Cyclosilazane was added by backfilling to rGO aerogels with a range of different
concentrations (0-40 mg/mL). The cyclosilazane filled rGO aerogel was then placed into
high vacuum for the evolution of gases and low molecular weight polymer residues. After
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gas evolution completed, the cyclosilazane/rGO aerogel was heated at 60 oC for 48 hours
under a nitrogen atmosphere for crosslinking of the polymer. The crosslinked
cyclosilazane/aerogel matrix was then pyrolyzed under Argon atmosphere in a three step
heating, slow process, to ensure the release of gases during the pyrolysis process. The
pyrolysis was paced as follows: heating at 400 oC for 1 h followed by 600 oC for 2 h and
finally heated at 1000 oC for 2 h.
4.3.3. Characterization
The microstructures and surface morphology of the ceramic/graphene bulk
structure were examined by Zeiss Ultra-55 FEG scanning electron microscope (SEM)
equipped with Noran System 7 EDS with silicon drift X-ray detector.

4.4. Result and Discussion
Many different factors can affect the formation of rGO aerogels, such as the degree of
oxidation of the GO sheets, the temperature of reduction, the GO sheets size and some
others. The rGO aerogels were formed as described above and the resulting product is
shown in Figure 29. The rGO aerogel can be produced in different sizes and concentrations.
The rGO aerogel works as a framework for the formation of bulk SiCN, thus the size of the
rGO aerogel will determinate the size of the final product.
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Figure 29 Picture of reduced graphene oxide aerogel

The liquid pre-ceramic polymer, cyclosilazane, is used in a backfilled process to
obtained filled aerogels. For the polymer to be able to completely access the rGO aerogel
framework, the rGO aerogel needs to have a porous structure. The porous structure of rGO
aerogel was studied by SEM and shown in Figure 30. The structures of the rGO aerogels
show a layered arrangement in an anisotropic fashion with space between rGO sheets
forming a porous structure. The spaces between the rGO sheets are necessary for the
movement of the pre-ceramics cyclosilazane through the rGO aerogel.

.
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Figure 30 Scanning electron microscopy image of 10mg/mL rGO aerogels after a two step
reduction process: longitunal (A) and cross-section (B)
Additionally, the production of crack free PDCs cannot be achieved by simply
pyrolyzing the ceramic precursor. This limitation is attributed to the brittleness and the
released of the gasses during the ceramization. As shown in Figure 31, the SiCN ceramics
obtained by pyrolysis of the pre-ceramic cyclosilazane have cracks and bulk material
cannot be achieved by simply heat treatment and pyrolysis of the polymer precursor.
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Figure 31 Scanning electron microscopy image of SiCN bulk ceramic
The rGO aerogel was used as a framework for the formation of the fully dense SiCN
ceramic. After the rGO aerogel was backfilled with the cyclosilazane, the resulting material
was then converted into ceramics through a crosslinking and pyrolysis process. The
crosslinking for this material was done at lower temperature (60-80 oC) than those usually
used (200-300) for this process. The lower crosslinking temperatures assist in the release
of gasses. Moreover, the pyrolysis process was performed at a slow increasing ramp rate,
this allows for the release of gasses in a controllable and slow paced manner. As shown in
Figure 32, the SEM image reveals the resulting crack free bulk ceramic material. During
these studies, increments in the rGO aerogel concentration were also analyzed. The change
in concentrations of the rGO aerogels from 1.2-2.4% didn’t have much of an effect in the
fully dense SiCN bulk material. Although, increment of the rGO aerogel concentrations leads
to an increase in the susceptibility for graphene sheets to re-stack. This phenomenon is
observed in Figure 33 where larger rGO concentrations have thicker graphene sheets due
to re-stacking of the sheets.
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Figure 32 Scanning electron microscopy image of cross-section 1.2%, 1.8%, and 2.4 %
graphene-SiCN composite
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Figure 33 Scanning electron microscopy image of longitudinal 0.6%, 1.2%, 1.8%, and 2.4 %
graphene-SiCN composite
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Furthermore, to analyze how graphene sheet re-stacking affects the SiCN-rGO
composites, compression testing was performed. A completed SiCN-rGO composite was
subjected to a compression test as shown in the after test result in Figure 34. Before the
test, the sample was a large, fully dense SiCN-rGO composite. While after the compression
test, the SiCN-rGO composite shatters into pieces but while keeping its initial shape.
Moreover, to study more in deep the effect of the graphene layers where the
samples break, SEM of the samples were executed and shown in Figure 35. As shown for
the after-compression test in Figure 35 the breakage occur along the graphene re-stacking
sheets. Although this lowers the strength of the composite material as shown in Figure 36,
the graphene sheets stop the propagation of the crack as shown for 0.6% graphene in SiCN
sample, where the crack is propagation through the material and stops with a graphene
sheet. Moreover, is important to point out that the cracks in the composite occur along the
stacked graphene sheets and not within the graphene-SiCN domains as depicted by the
1.8% graphene-SiCN in Figure 35.

Figure 34 Picture of the bulk graphene-SiCN composite after compression test
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Figure 35 Scanning electron microscopy image of 0.6%, 1.2%, 1.8%, and 2.4 % graphene-SiCN
composite after compression test
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In addition, studies on the effect of the graphene concentration on the stress of the
graphene-SiCN 3D composite material were performed and results are shown in Figure 36.
The Young's modulus calculated in GPa is the tensile or elastic modulus; this determines
the rigidity of an elastic material and the quantity of this measurement is used to
characterize the material. This can be calculated with the ratio of the stress or force applied
per unit of area throughout an axis against the strain or the ratio of deformation over initial
length of the sample throughout the same axis. For this experiment the sample Young’s
modulus was measure by means of compression testing of the material.
Results obtained by these measurements show that the samples prepared during
this experiment are indeed strong and can hold from 0.25 to 0.38 GPa of Young’s modulus
for 0.6% to 2.4% respectively. These results are, however, lower when compared to results
found by G. Lehmann and co- workers8 where SiCN films with carbon content from 0% to
68% possess a Young’s modulus of 85 to 260 GPa, respectively. Moreover, these results are
in agreement that the addition of carbon content decreases the Young’s modulus of the
material. The mentioned high Young modulus found by Lehmann was for films of the
material and not for fully dense SiCN composite material. In addition, Jiang and coworkers9 described a method to make bulk SiCN ceramics. The results for the obtained bulk
SiCN ceramics show that they have a porosity of ~ 10% and that the material has a strength
of about 80 MPa, which is lower than the material obtained by the rGO aerogel filled SiCN.
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Figure 36 Young’s modulus of graphene-SiCN composite with increasing of graphene
concentration

Furthermore, these amazing graphene-SiCN 3D composite materials retain the
advantages and some distinctive properties of the rGO aerogel. As shown in Figure 37, the
bulk SiCN composite also has relatively high electrical conductivity. The graphene-SiCN
bulk electrical conductivity was determined to be from 5 S/m, 157 S/m, 95 S/m, and 65
S/m for the carbon content of 0.6%, 1.2%, 1.8% and 2.4%, respectively, along the axial
plane of the sample. Moreover, the electrical conductivity for the transversal plane was
determined to be 0.8 S/m, 17 S/m, 28 S/m and 10 S/m for the 0.6%, 1.2%, 1.8% and 2.4%
78

carbon content. The results obtained demonstrate that the sample has an electrically
conductive anisotropic behavior which shows higher conductivity along the plane than
transverse to the graphene sheets. The electrical conductivity axial to the plane has a high
value for electrical conductivity of 157 S/m at 1.2% and thereafter the conductivity
decreases. The reduction in electrical conductivity is due to the re-stacking of the graphene
sheets during the backfilling process. The additions of graphene layers to each other
provokes the jumping of electrons throughout the material and an increment in
semiconducting behavior, thus lowering the conductivity of the material. Moreover, it is
worth to mention the electrical conductivity drop to 5 S/m for the 0.6% carbon content,
which is due to the collapse of the graphene sheets in the rGO aerogel during the backfilling
process. Also, the obtained graphene-SiCN composite possess higher conductivity than
some previously reported rGO aerogels which show an electrical conductivity of 87 S/m7
and 0.5 S/m10. The extremely high electrical conductivity for these composite materials are
due to the two step reduction process involved in the rGO aerogel formation as discussed
earlier. For high electrical conductivity, graphene sheets are exposed as shown in Figure
32. During the two step process, the majority of the graphene oxide functional groups are
removed and electrons of the sp2 orbitals are free to more in response to the applied
current.
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Figure 37 Experimental data of electrical conductivity vs graphene concentration. Reduced
graphene oxide concentration calculated to be 0.6%, 1.2%, 1.8% and 2.4% in the bulk ceramic
composite

The in-plane graphene sheet is believed to have the highest known thermal
conductivity, which is >5000 Wm-1K-1.11 This remarkable characteristic is explained by the
large mean free path in plane with the graphene for phonons to travel as they are heated. 12
In addition, a large number of collective phonons instead of single phonon movement are
used to create this extremely high thermal conductivity.12 Furthermore, the addition of
multiple layers of graphene sheets will further increase the thermal conductivity.13 These
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characteristics can be disturbed by the addition of materials which disrupt the large mean
free path of the phonons in graphene. The addition of thermally insulating materials is used
for this purpose. The analysis shown in Figure 38, demonstrates the thermal conductivity
of the graphene-SiCN bulk ceramics. The thermal conductivity of the graphene sheets
imbedded in the SiCN ceramic was lowered from 3.5 to 1.0 Wm-1K-1. This severe change in
thermal conductivity of the graphene sheets is due to interruption of the phonons mean
free path by the SiCN ceramic material. Graphene sheets are incorporated within the
polymer derived ceramic precursor during the backfilling process and once the
ceramization process is complete, the graphene sheets from the rGO aerogel remain in
place and incorporated within the SiCN ceramic as shown in Figure 32. Also, shown in
Figure 38 increase in the carbon content of the graphene-SiCN composite did not affect
greatly the thermal conductivity of the different ceramic composite. This can be explained
be the continuous interruption of the phonons mean free path by the ceramics in equal
portions throughout the ceramic composites.

81

Figure 38 Experimental data of thermal conductivity vs graphene concentration. Reduced
graphene oxide concentration calculated to be 0.6%, 1.2%, 1.8% and 2.4% in the bulk ceramic
composite

4.5. Conclusions
In summary, 3D bulk polymer derived ceramics (PDCs) composite of reduced
graphene oxide (rGO) aerogel and silicon carbon nitride (SiCN) were prepared. The
successful incorporation of rGO aerogel as a conductive framework for the formation of a
fully dense SiCN ceramic was discussed. The proposed method allows for the formation of a
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wide range of sizes and shapes for PDCs composites. Although the use of rGO aerogel as a
framework for the formation of the bulk material decreased the Young’s modulus of the
material, it did allow for the formation of bulk ceramic composites.
Electrical conductivity measurements of the graphene-SiCN composites were
performed and demonstrated that the high electrical conductivity of the rGO aerogel was
preserved. Moreover, the conductivity of the ceramic composite changed with the rGO
concentrations of 5 S/m, 157 S/m, 95 S/m, and 65 S/m for the carbon content of 0.6%,
1.2%, 1.8% and 2.4%.
The thermal conductivity for graphene sheets has recently been reported to be
>5000 Wm-1K-1.11,

13

The procedure discussed in this research shows that with close

packing, graphene sheets between SiCN ceramics decrease the thermal conductivity to 3.51.0 Wm-1K-1. The high electrical conductivity and low thermal conductivity of the ceramic
composite thus allows them to be an excellent candidate for use as thermoelectric
materials.
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CHAPTHER 5. CONCLUSONS
In summary, this research focused on carbon-rich polymer derived ceramics (PDCs).
The addition of carbon to this fascinating material improved the shaping capability,
processing, performance and multifunctionality of the PDCs. First we focused on a simple
method to create a light weight and conductive carbon-rich silicon carbon nitride (SiCN)
ceramic nanofiber. The optimization of the total polymer percent weight and the preceramic to carbon-based polymer ratios in the ceramic precursor blend allowed for the
production of PDCs fibers. A well-known electrospinnig process was used to produce
electrospun 1D nanofibers of polyacrilonitrile (PAN):cyclosilazane. Further stabilization
and pyrolysis produced carbon:SiCN nanofiber composites. Carbon support throughout the
nanofibers composites work as a conductive material. In addition, the SiCN ceramic
fraction stabilized the nanofibers composite towards oxidation with a 10% mass loss at
623.44 oC for the 2:1 carbon:SiCN sample. These conductive carbon:SiCN nanofibers
composites are thermally and chemically stable, and offer great prospective for
multifunctional materials such as conductive and/or fire retardant materials for harsh
environments. These ceramic composite nanofibers are a perfect candidate for conductive
clothing and for fire fighter protective clothing as well as for fire protecting gear for
soldiers, and many other applications due to their light weight and flexibility.
Secondly, studies of the interaction between carbon and SiCN ceramics were
performed. Drop-casted 2-D films derived from PAN and cyclosilazane were analyzed and
exhibited phase separation within the films. Elevated amount of PAN concentration in the
ratios produced a cyclosilazane-derived ceramic of micro-to-nano size particles inside a
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PAN-derived carbon matrix assortment in sizes ranging from several hundred nanometers
to several microns. Furthermore, elevated concentrations of cyclosilazane to polymer blend
ratios showed that after ceramization, the produced ceramic films contained dispersed
micro-to-nano sized particles of carbon. Additionally, Raman spectroscopy analysis
demonstrated that the size of the carbon domains did not change with respect to the ratio
of the constituents PAN:cyclosilazane. Moreover, nanodomains sized (7.75 to 6.06 nm) in
the samples were identified by Raman spectroscopy and assigned to the conversion of
carbon into a graphitized form in the PAN-derived phase. Analysis of FTIR demonstrated
that oxidation of the silicon in cyclosilazane takes place before the initial casting of the
films. Studies of FTIR were used to track the changes in functional groups throughout the
stabilization and pyrolysis process. In addition, phase separation within the carbon/SiCN
films was found to be controllable through adjusting the ratio and percent solute of the
polymer precursors. As has been reported, phase separation can be a useful method for
generating porous carbon, which can be accomplished with elevated PAN concentrations in
the mixtures, while carbon-in-ceramic films can potentially be used for dielectric materials
or for high-strength applications and can be fabricated from high cyclosilazane mixtures.
Finally, bulk polymer derived ceramic (PDCs) composites were produced via a 3D
reduced graphene oxide (rGO) aerogel and silicon carbon nitride (SiCN). The effective
utilization of a rGO aerogel as a conductive structure allows the formation of fully dense
SiCN ceramics. This process allows for the development of unlimited sized and shaped PDC
composites. Although the utilization of rGO aerogel as the framework for the formation of
the bulk material composite reduced the Young’s modulus of the material, it did allow for
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the formation of the bulk PDC ceramic composite. In addition, electrical conductivity
measurements of the graphene-SiCN composite were carried out and confirmed the high
electrical conductivity of the rGO aerogel. Moreover, the electrical conductivity of the
ceramic composite changed with the variation of the rGO concentration, with the highest
value obtained of 157 S/m and lowest value of 65 S/m for the samples with carbon content
of 1.2% and 2.4%, respectively. In addition, the thermal conductivity of the graphene-SiCN
composite was shown to be 3.5 to the lower 1.0 Wm-1K-1. The high electrical conductivity
and the low thermal conductivity of the ceramic composite make it an excellent candidate
for thermoelectric materials and are thus of great interest to industry.
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